Abstract. Gaussian distribution has been utilized to describe the global number density distribution of ion cloud in the Paul trap, which is known as the thermal equilibrium theory and widely used in theoretical modeling of ion clouds in the ion traps. Using ion trajectory simulations, however, the ion clouds can now also be treated as a dynamic ion flow field and the location-dependent features could now be characterized. This study was carried out to better understand the in-trap ion cloud properties, such as the local particle velocity and temperature. The local ion number densities were found to be heterogeneously distributed in terms of mean and distribution width; the velocity and temperature of the ion flow varied with pressure depending on the flow type of the neutral molecules; and the "quasi-static" equilibrium status can only be achieved after a certain number of collisions, for which the time period is pressure-dependent. This work provides new insights of the ion clouds that are globally stable but subjected to local rf heating and collisional cooling.
Introduction

I
ons in the ion trap are subjected to two competitive effects: the acceleration in the radio-frequency (rf) electric field, known as rf heating, and the deceleration through the collisions with background molecules, known as buffer-gas cooling ( Figure 1 ). This phenomenon was first studied by Dehmelt 49 years ago using the pseudopotential approximation [1] , which described the rf trapping potential with an effective direct-current (DC) potential. Historically, the approximation greatly simplified the complicated multiparticle system, which otherwise could not be solved analytically. It also led to an important conclusion or assumption, known as the thermal equilibrium theory, that the equilibrium of ion cloud could be achieved through a large number of collisions with background molecules; and at the equilibrium the distributions of the ion cloud in the coordinate and velocity (or phase) space are Gaussian [2, 3] . The theory has then been widely used to study the group behavior of the ion cloud [4] [5] [6] , which is helpful for understanding the dynamic processes of ion transfer, ion trapping, ion activation, and ion ejection, providing guidance on precise control of the ions and shedding light on the design and optimization of the ion traps [7] [8] [9] [10] .
As a compromise to reach simplicity, two important features of ion trap were neglected in the pseudopotential approximation, viz., time-dependent dynamics of the rf field and dynamic gas field, which practically could have large impacts on ion cloud during ion transfer, ion storage, and mass analysis [11, 12] . The inaccuracy attributable to the approximation might have important impact on the understanding of the ion trap performance and implementation of ion processing [13, 14] . The thermal equilibrium theory sketches a frame but does not describe the details related to the local properties of the ion cloud, which could be important for understanding the dynamic processes of energy relaxation and energy exchange of the ions [15, 16] . For instance, local ion temperature is an important physiochemical parameter, determining the partitioning of ion energy from translational to vibrational (T to V) component during ion activations and ion reactions [17, 18] , as well as the conformational changes of biomolecules [19, 20] .
Using ion trajectory simulations, such as those done with SIMION [21] [22] [23] , ITSIM [23] [24] [25] [26] , ISIS [23, 27] , electrohydrodynamic simulation (EHS) [28] , and some other home written simulation programs [29] [30] [31] [32] , the local properties of the ion clouds in the ion traps can be accurately characterized. In this study, the EHS method was employed for performing simulations. The EHS method was originally developed for simulations with dynamic gas field [28] . In this study, as a first step toward the study of the local properties of the ion clouds, static gas fields were used. The ion cloud was analyzed in a view of field rather than a group of individual ions. The flow properties of the ion cloud, such as the varying velocities and temperatures at different locations of the ion trap, could be characterized.
Method
A linear ion trap (LIT) was used as a model system for the study, with a field radius r 0 of 3 mm, a length of 100 mm, and operated with a dipolar rf of 300 V 0-p at a frequency of 1 MHz. The quadrupole field was established for trapping ions in the radial (x and y) directions (Figure 1 ). The ion motions in the x and y directions were identical, except for a reversed phase. In the z direction, a weak DC field of 5 V was used for ion trapping. Because of the low penetration depth of the DC field, ion motion in the z direction around the trap center was almost free of electric fields, as a distinct comparison with the x and y directions. Static gas flow fields at two flow regimes, viz., viscous flow of 1 Torr and molecular flow of 7 mTorr, were employed for providing collisional cooling of the ions at different pressures.
The ion motion in the LIT was simulated by using the electro-hydrodynamic simulation (EHS) program [28] , which was developed and validated in our previous studies [33, 34] . Briefly, EHS calculates the ion trajectory through two successive processes in each step: first, the ion moves along a collision-free path and its motion is guided by the rf field in the LIT; and then, a collision modifies the ion velocity. The stochastic Monte-Carlo hard-sphere model was used for modeling the ion-neutral collisions in the simulations. The simulation was terminated after a time period long enough for reaching ion thermal equilibrium.
The simulation space was divided into grids, so that the local properties of the ion cloud could be sampled from the simulated ions fallen in each local grid point. Note that around the trap center, ion motion in the z direction is field free, and the local properties of the ion cloud along the z direction was assumed to be homogenous. Hence, only the x-y plane of the LIT was divided into square grids for the study of the local ion properties, with grid size of 0.005-0.01 r 0 . Simulated ions within each grid were counted separately, allowing the extraction of local properties of the ion cloud [35] , such as the bulk velocity υ and the temperature T:
where υ n i is the velocity component in the i direction of the n th ion among the N L ions within a local grid L(x 0 , y 0 ), and i denotes one of three normal directions, x, y, or z. m ion is the mass of the ions. K b is the Boltzmann constant. The flow speed υ and scalar temperature T of the ion cloud at local L are also defined as the magnitude of the velocity υ and the average of three normal components of the temperature T, respectively:
The method development for the extraction of local properties of the ion cloud, viz., ion velocities and temperatures, was motivated by the method used in direct similation Monte-Carlo (DSMC) method [35] , in which a large number of simulated gas molecules are used to mimic real gas flows, and the local properties of the gas flow field were extracted based on the stastistics of local gas molecules. For both DSMC and the method used here, the quality of the simulated local properties depends on the number of simulated particles. In this work, at 5 simulated ions were used to ensure the fluctuation of the local properties of the ion cloud were, typically, better than 15%. Space charge effect was not considered in the simulations to reduce the computational burden.
Results and Discussion
Protonated imatinib ions of m/z 494, with Gaussian distributions of initial position and velocity, were placed in the LIT at a temperature of 300 K and a pressure of 1 Torr. It was found that after cooling in air buffer for 0.3 ms, the number density n of all the imatinib ions in the trap (global n, red circle in Figure 2a) , can be stable with Gaussian distributions in coordinate ( Figure 2a ) and velocity (red curve, Figure 2b ) space, which matched well with the classic thermal equilibrium theory. However, because of inversed rf phase, the distribution widths σ x and σ y of the ions in the x and y directions of coordinate space, respectively, were different, about 0.06 and 0.04 r 0 (Figure 2a ). The result indicated that even at high pressure of 1 Torr, the motion phase of the ions attributable to the rf phase would not be averaged by frequent ion-neutral collisions, resulting in a fluctuation of about 50% in the shape of ion cloud at Bthermal equilibrium^status. The result indicates that the rf phase could have a relatively large impact on manipulation of the ion cloud, shaping the ion clouds during emittance or acceptance by the quadrupole devices [36] , such as quadrupole ion traps, quadrupole ion guides, and quadrupole mass filters.
Further investigation of the ion cloud distribution indicated that the local ion distributions (local n) in the velocity space were different from the global n and were heterogeneously distributed (Figure 2b ). The local n at four different local points, L1 (x = -0.03 r 0 , black curve), L2 (x = 0.015 r 0 , orange curve), L3 (x = 0.03 r 0 , blue curve), and L4 (x = 0.04 r 0 , green curve) had obvious deviation from the global n (red curve), in terms of the means and standard deviations (SDs) shown in Figure 2c . From Figure 2c , it can be found that the fluctuations of the means and SDs were within 15% of the simulated values, indicating that the simulation quality was good enough to study the change of ion properties at different locations of the ion trap. Physically, the mean and standard deviation (SD) of the ion population n correspond to the bulk speed υ and temperature T of the ions (Equations 1 and 2 ). Using the method in this study, the ion local heterogeneous distributions could be individually characterized; however, it should be noted that the heterogeneous distribution of ion local distributions cannot be observed globally because of the mutual counteraction of local distortions (see L1 and L3 as an example).
Pressures at about 1 Torr were shown to be of a high pressure range where mass analysis could still be effectively performed [8, [37] [38] [39] . The ion-neutral collision rate at this pressure is ca. 10 7 s -1
. Generally it is believed that electric field at higher pressures is much less effective on manipulation of the ion beam or cloud [40] . Our finding shown in Figure 2 indicates that the electric field can be effective in steering the ions at 1 Torr, in terms of the time-dependent motion phase and spatially related field strength. The steering effect by electric field would be even more significant at lower pressures such as 7 mTorr, at which collision induced dissociation is typically performed [41] .
With the ion distribution locally characterized, detailed flow properties of the ion cloud, such as the flow velocity υ and temperature T [35] , could then be extracted. It was found that motion behavior of the ion cloud was dependent on the continuity of the neutral gas flow. For example, in the relatively more viscous flow regime at pressure 1 Torr (Figure 3a-d) , most of the ions were compacted within a region under the low field limit of 10 Vcm -1
Torr
-1 [42] . The frequent ion-neutral collisions gave rise to a drift motion υ of the ions in the electric field (Figure 3a) . The asymmetry of υ in the x and y directions was attributable to the inversed rf phase between the two directions. Close-up plot of υ in its three normal components along the positive x axis is shown in Figure 3b . It was found that υ x increased linearly with local electric field strength, E x , (black curve), similar to that found in the ion mobility experiments, i.e., υ x ¼ KE x , where K is the ion mobility coefficient. The low υ y and υ z (red and blue curves, respectively) were results of the lack of E y and E z field components. At this pressure, the ion temperature T was about 300 K, not with significant changes but small fluctuations (Figure 3c ). Close-up plot of T in its three normal components indicated that T x increased slightly due to the heating of the rf field (black curve), while T y and T z whereas unaffected (red and blue curves, respectively).
As a comparison, the υ and T in the molecular flow regime are shown in Figure 3e -h. The ion cloud at 7 mTorr was not shown to have an obvious directed flow, viz. υ≈0 (Figure 3e, f) ; however, significant heating of the ion cloud was observed (Figure 3g ). Close-up plots of T in its three normal components showed that T x increased linearly to the square of the E x (black curve of Figure 3h ). The observation determined that the temperature of the ion cloud at thermal equilibrium are locationdependent in the trap and can be 3-fold higher than the room temperature at one σ x , x = 0.03 r 0. This is different from the knowledge based on conventional treatment [4] [5] [6] , which assumes a uniform distribution for the ion cloud at thermal equilibrium under room temperature. The variation of the ion (h)
x / r 0 Figure 3 . Contour plot of the flow speed, υ, of the ion cloud at 1 Torr (a) and 7 mTorr (e). Flow velocity vector, υ, of the ion cloud along the positive x coordinate at 1 Torr (b) and 7 mTorr (f), marked as red lines in (a) and (e), accordingly, in the three normal directions, x (black curve), y (red curve), and z (blue curve). Contour plot of the scalar temperature, T, of the ion cloud at 1 Torr (c) and 7 mTorr (g). Flow temperature vector, T, of the ion cloud along the positive x coordinate at 1 Torr (d) and 7 mTorr (h), marked as red lines in (c) and (g), accordingly, in the three normal directions, x (black curve), y (red curve), and z (blue curve). The υ and T at 1 Torr and 7 Torr are obtained from the same rf phase with three replicates temperature within the trap implies that the collision induced fragmentation (CID) efficiency is location-dependent. CID processes are more likely to gain energy at higher temperature (or fringe) regions and relax at lower temperature (or central) regions of the trap, which is certainly related to the slow heating mechanism for ion activations for CID or ion reactions within the trap [15, 18] .
By comparing the two cases, it is obvious that the heating effect of the rf field depends on the type of gas flow in which the ion cloud immersed. For viscous flows, rf heating gives rise to the drift motion of the ion cloud, corresponding to directed translational energy; but for molecular flows, it contributes to the stochastic translational energy of the ion cloud, leading to an increase of ion temperature or internal energy. Here, it is obvious that pressure plays an important role in modifying the local bulk velocity and temperature of the ion cloud. Our finding supports experimental observations that the pressures of 1 Torr is suitable for performing ion mobility separation [43] , whereas 7 mTorr is more suitable for ion activation [41] .
The transition process of the ion cloud from the initial state to the final thermal equilibrium state was also characterized. The ion cloud drift velocity υ has significant changes at 1 Torr (Figure 3a) . The υ x at grid L1 (Figure 2a ) was recorded as a function of the collision counts τ = λ/υ rel for monitoring the process (Figure 4a ), where λ is the mean free path of the ions, and the υ rel is the mean of the relative speed between the ion and neutral molecule. It has been shown in Figures 2 and 3 that the actual equilibrium distributions of the local ions were not uniformly of a single Gaussian, but with different means and SDs and should be location-dependent. Assuming a group of ions entered or were produced inside the trap, with uniform initial means of zero and SDs of 300 K for the Gaussian distribution at each location inside an ion trap, the υ x at L1 would have a sudden change within the first 100 ion-neutral collisions, and then gradually reach a location-dependent equilibrium (Figure 4a ). The sudden change of ion velocity can be attributed to the ion-neutral collisions with high probability, which guide the ion cloud at each location to change from the non-equilibrium to equilibrium distribution with locationdependent means and SDs. It requires at least a time corresponding to 100 ion-neutral collisions, ca. 15 μs at 1 Torr, for the ion cloud to thermalize locally. Even at such a high pressure, the effect due to the rf phase cannot be averaged out by the collisions; thus, relatively large fluctuations of υ x are observed within an rf cycle (inset of Figure 4a ).
The fluctuation should be much more significant at 7 mTorr because of a lower frequency of ion-neutral collisions. For pressure at 7 mTorr, T has a much more significant change than υ (Figure 3) , and thus is used as an index for modeling the dynamic equilibrium process (Figure 4b ). The T has been averaged by a rf cycle. A trend similar to that at 1 Torr was observed, indicating that even at lower pressures, thermal equilibrium could be achieved after averaging the rf phase effect. The use of different buffers, including air (molecular weight, MW=29, black curve), Ar (MW=40, red curve), and He (MW=4, blue curve) does not change the properties of the ion cloud at equilibrium, such as the T x ; however, they changed significantly the dynamics of the process toward the thermal equilibrium state. For example, the ion temperature ramps rapidly from 300 K to above 4000 K in the first few collisions, and then the ion cloud reaches equilibrium through 100 collisions (ca. 2 ms) in air and Ar, but the time is elongated to 700 collisions (ca. 15 ms) for He.
Conclusion
As a summary, using the electro-hydrodynamic simulation method, the local properties of the ion cloud were studied. The ion number density distribution of the ion cloud at stable status (as conventionally called thermal equilibrium) in the ion trap is location-dependent, rather than a globally uniform Gaussian. The heterogeneity of the distribution, in terms of the mean and SD, originate from the effect by dynamic electric field, viz. rf heating. In a viscous flow regime, e.g., at a pressure of 1 Torr, the ion cloud gains energy from the rf heating, which is subsequently transformed into a directed drift motion. However, in a molecular flow regime, e.g., at 7 mTorr, the energy is transformed into stochastic ion motions. At a stable status for viscous flow regime, the motion phase of the ion cloud Local ion temperature in the x direction, T x , of the ion cloud at L1 as a function of the collision counts at pressure 7 mTorr with air (black curve), Ar (red curve), and He (blue curve) as buffer gases. Close-up of (a) between collision counts, 220 and 260, is shown in the inset attributable to the rf persists, frequently even with highly ionneutral collisions. For molecular flow regime, the stable status could be reached but takes a significantly longer period of time.
The implication from the results in this work and onto future simulation studies could be intriguing. The potential errors due to the wrongfully assigned local initial conditions could be removed eventually, after a certain number of ion-neutral collisions when a location-dependent balance is reached with collisional cooling and rf heating. However, the time period required is pressure-dependent and could be as long as 150 ms at 1 × 10 -4 Torr. The actual impact on the accuracy of the simulation is expected to be case by case; however, this should be a factor to be included in the consideration for the simulation work.
Treating the ion cloud as a field rather than counting individual ions would facilitate the characterization of ion cloud involving a large number of ions, which is subjected to other factors such as the pressure. The space charge effect was not considered in the simulation. Its impact on the local properties of the ions is expected to be broadening the SD but not changing the mean of the velocity distribution.
